The purpose of this study was to evaluate the performance of modified 4-META/MMA-TBB resin cements（Superbond C&B） in terms of debonding orthodontic brackets easily and safely from enamel without the loss of proper bracket bond strength.
INTRODUCTION
Presently, adhesive resin cements are used for bonding orthodontic brackets to enamel. In particular, 4-META/MMA -TBB resin cement is a unique MMAbased adhesive resin cement used widely for bonding orthodontic brackets. 4-META/MMA-TBB resin is commercially available in Japan under the brand name Superbond C&B, and has been on the market for about two decades with a reputation for strong bonding to tooth substrates, metals, and porcelains 1-7） . To enhance bonding, manufacturers further recommend the application of 65 wt％ phosphoric acid etchant for tight adhesion of 4-META/MMA-TBB resin to enamel 8） . For orthodontic treatment, it is necessary to bond the orthodontic bracket tightly to enamel during the treatment. Likewise, it is also necessary to be able to debond the bonded bracket easily and safely from enamel after the orthodontic treatment. Some in vitro studies observed enamel fracture after debonding the orthodontic bracket bonded to etched enamel, and that the amount of enamel fracture was proportional to the length of etching time 9-12） . Few attempts were reported to reduce the risk of enamel fracture at the debonding of orthodontic brackets. It has been suggested that the application of self-etching primers might potentially reduce the risk of enamel fracture 5,13） . In light of this suggestion, Kim et al. 14） tried to use a mixture of phosphoric acid and an acidulated phosphate fluoride as a phosphoric acid etchant substitute to minimize the damage to enamel surface during the etching and debonding procedures.
Based on the results of the abovementioned reports, we designed an experiment to assess the performance of modified 4-META/MMA-TBB resins for debonding orthodontic brackets easily and safely from enamel without the loss of proper bracket bond strength. Modification of 4-META/MMA-TBB resin was performed by incorporating some additives into the polymer powder of 4-META/MMA-TBB resin. As 4-META/MMA-TBB resin is now a widely used orthodontic adhesive, the composition of 4 -META/ MMA -TBB resin is also widely known. Therefore, it is easy to understand the influence of additives on the shear bond strength of orthodontic brackets to enamel.
For the additives, poly （DL-lactide-coglycolide） （PLGA） , α-tricalcium phosphate（α-TCP） , and calcium fluoride（CaF 2 ）were used. For safe and easy debonding of orthodontic brackets, we sought to degrade the adhesive resins without the loss of proper bracket bonding or the need to enhance the enamel structure. 
MATERIALS AND METHODS
Extracted human premolars were used in this study. It should be mentioned that teeth with cracks were not used in the experiment. The teeth were embedded in acrylic resin with the buccal surface available for bonding. After acrylic resin curing, the tooth surfaces to be bonded were cleansed and then polished with pumice and rubber prophylactic cups for 10 seconds in order to simulate a routine clinical procedure.
Materials 4-META/MMA-TBB resin cement kit （Superbond C&B, Sunmedical Co. Ltd., Shiga, Japan）was used. For orthodontic brackets, orthodontic metal brackets （Super mesh STD Edgewise 131-45B, Tomy International Inc., Tokyo, Japan）were used in this study. Average bracket surface area was determined to be 11.188 mm 2 . For additives, poly （DL-lactide-co-glycolide） （PLGA;
Boehringer Ingelheim, Germany） , α-tricalcium phosphate （α-TCP; Taihei Chemical Industrial Co. Ltd., Osaka, Japan） , and calcium fluoride （CaF 2 ; Kanto Chemical Co. Ltd., Tokyo, Japan）were used. One of each additive was added to the Clear polymer powder in the kit of 4-META/MMA-TBB resin at a concentration of 0, 5, 10, 20, 30, 40 , and 50 wt％ using a planetary ball mill （P5/2, Fritsch Japan Co. Ltd., Kanagawa, Japan）for two hours. In terms of naming convention for this study, bonded specimens using 4-META/MMA-TBB resin which contained 30 wt％ CaF 2 in the polymer powder were abbreviated as CaF 2 -30（for example） .
Bonded specimens without additive, namely the original 4 -META/MMA -TBB resin, were used as controls. Fig. 1 shows the schematic drawing on how to measure shear bond strength between the orthodontic bracket and enamel with 4 -META/MMA -TBB resin. The teeth were etched with 65 wt％ phosphoric acid gel for 30 seconds, rinsed for 20 seconds, and airdried. Then, a metal orthodontic bracket was bonded to the etched enamel surface using 4-META/MMA-TBB resin cement. The catalyst, a partially oxidized TBB initiator, was added to the monomer mixture of 4 -META and MMA to prepare an activated polymerized monomer liquid. Then, the polymer powder containing each additive and activated monomer liquid were mixed and used to bond metal brackets to the treated enamel surface using the brush-dip technique. Each bracket was subjected to a 300-g force, according to the report of Bishara et al.
Shear bond strength measurement

16）
, and excess bonding resin was removed with a small scaler.
After the specimens were kept in deionized water at 37 ℃ for 24 hours and then subjected to thermocycling test for 10,000 cycles, they were debonded. Thermocycling was performed between 5 ℃ and 55℃
17）
. Exposure in each bath was 60 seconds, and the transfer time between baths was less than 5 seconds.
Shear bond strength was measured using a testing machine （TCM -500CR, Shinkoh, Tokyo, Japan） at a crosshead speed of 2 mm/min according to previous reports 4,13） . Twenty specimens were tested for each procedure. Equality of variances was determined by Bartlett's test. Two-way analysis of variance（ANOVA）and Fisher's PLSD test for multiple comparisons were used to detect statistical differences in mean measurements.
After debonding, both teeth and brackets were examined with 10× magnification using a light microscope （Eclipse E800M, Nikon Corp., Tokyo, Japan） . The debonding condition of each specimen was scored using the Adhesive Remnant Index （ARI）
15）
. The ARI scores ranged from 0 to 3, i.e., Score 0 ＝ No adhesive remained on the enamel; 1 ＝ Less than half of the adhesive remained on the tooth surface; 2 ＝ More than half of the adhesive remained on the tooth surface; 3 ＝ All the adhesive remained on the tooth surface with a distinct impression of the bracket base. Enamel fracture was also scored according to the method of Schaneveldt and Foley 18） . The chi-squared （χ 2 ） test was used to analyze statistical differences in ARI scores and enamel fracture scores among the six protocols. Significance for all statistical tests was predetermined at P＜0.05.
FE -SEM observation
Formation of resin tags on enamel following bonding with 4-META/MMA-TBB resin was also observed. After phosphoric acid etching, modified 4-META/ MMA-TBB resin was applied on etched enamel. After curing the resin, specimens were immersed in 4 mol/L HCl for four days and then immersed in 10 wt％ NaOCl solution for 24 hours. The enamel part was completely dissolved, and the remaining bonded resin was rinsed with water and dried in a desiccator under vacuum. The resin specimens were ion-coated with platinum, and the formation of resin tags was observed using a field emission scanning electron microscope （FE -SEM; JSM -6340 -F, JEOL, Tokyo, Japan） .
RESULTS
Shear bond strength results
Results of shear bond strength measurements are shown in Figs. 2-4. Control specimens gave a shear bond strength of approximately 23 MPa. The addition of additives to polymer powder and thermal cycling tended to decrease the shear bond strength between orthodontic bracket and enamel. However, with each additive, the tendency of bond strength decrease was different. 1）PLGA-modified resins For PLGA-modified resins, two-way ANOVA showed significant differences in bond strength among the concentrations of PLGA（P＜0.05, F: 103.428） , as well as between before and after thermal cycling（P＜0.05, F: 70.894） （Fig. 2） . No significant interaction was found between thermal cycling and concentration of PLGA（P＞0.05, F: 0.577） .
Before thermal cycling, there were no significant differences in bond strength among control, PLGA -5, PLGA -10, PLGA -20, and PLGA -30. However, PLGA -40 showed a significantly lower bond strength than control. Bond strength of PLGA-50 was approximately only 11 MPa -which was significantly lower than control, PLGA-5, PLGA-10, PLGA-20, and PLGA -30.
After thermal cycling, all PLGA-modified resins showed significantly lower bond strength than control. No significant differences were observed between PLGA-5 and PLGA-10, PLGA-5 and PLGA-20, PLGA-10 and PLGA-20, PLGA-30 and PLGA-40, and PLGA -40 and PLGA -50.
In particular, PLGA -50 showed a bond strength of approximately 6 MPAwhich was significantly lower than control, PLGA-5, PLGA-10, PLGA-20, and PLGA-30.
In summary, significant differences existed be- fore and after thermal cycling in shear bond strength among all PLGA-modified resins, except for control group. 2）CaF 2 -modified resins Fig. 3 shows the shear bond strength results of CaF 2 -modified resins. Two-way ANOVA showed significant differences in bond strength among the concentrations of CaF 2 （P＜0.05, F: 15.118） , as well as between before and after thermal cycling（P＜0.05, F: 28.446） . No significant interaction was found between thermal cycling and concentration of CaF 2 （P＞0.05, F: 1.704） . Before thermal cycling, there were no significant differences in shear bond strength among control, CaF 2 -5, CaF 2 -10, and CaF 2 -20. However, CaF 2 -30 specimen showed a significantly lower shear bond strength than control, and no significant differences existed among CaF 2 -30, CaF 2 -40, and CaF 2 -50 specimens. Bond strength of CaF 2 -50 was approximately only 11 MPa -which was significantly lower than that of control, CaF 2 -5, CaF 2 -10, and CaF 2 -20.
After thermal cycling, CaF 2 -10, CaF 2 -20, CaF 2 -30, CaF 2 -40, and CaF 2 -50 showed significantly lower bond strength than control. There were no significant differences in shear bond strength among CaF 2 -20, CaF 2 -30, CaF 2 -40, and CaF 2 -50, whereby the shear bond strength was approximately 11-12 MPa.
Comparing the shear bond strengths before and after thermal cycling, no significant differences were found in three specimens -namely, CaF 2 -5, CaF 2 -40, and CaF 2 -50. The rest of the specimens showed significantly different bond strengths before and after thermal cycling. Comparing the shear bond strengths before and after thermal cycling, only the control showed a significant difference in bond strength before and after thermal cycling.
Otherwise, α-TCP-modified 4-META/MMA -TBB resins showed no significant differences in shear bond strength before and after thermal cycling. Tables 1-3 show the results of the frequency distribu- Table 1 Table  1 . Chi-squared test for ARI scores and enamel fracture showed significant differences in ARI score（χ 2 ＝74.089, P＜0.05） . Complementary test showed a significant difference among groups after thermal cycling （χ 2 ＝38.712, P＜0.05） , although no significant differences were observed among groups before thermal cycling（ χ 2 ＝30.221, P＞0.05） . As for comparison between control and PLGA-modified resins, no significant differences were found in ARI score and enamel fracture frequency before and after thermal Table 3 shows the results of α-TCP-modified resins.
ARI score and enamel fracture frequency
Chi-squared test showed significant differences in ARI score（χ 2 ＝74.693, P＜0.05） . Complementary test showed a significant difference among groups before thermal cycling（ χ 2 ＝29.583, P＜0.05） , but no significant differences among groups after thermal cycling （χ 2 ＝23.452, P＞0.05） . Significant differences were found in ARI score, including enamel fracture frequency, upon comparison before and after thermal cycling for α-TCP-20（χ 2 ＝7.238, P＜0.05）and α-TCP-40（ χ 2 ＝6.578, P＜0.05）groups. Fig. 5 shows the FE-SEM micrographs of resin tags formed on the etched enamel. Clear formation of resin tags around the enamel peripheries was observed. Higher concentration （30 or 50 wt％） of PLGA-and CaF 2 -modified resins tended to produce less resin tags. There were no distinct differences in the formation of resin tags among the α-TCPmodified resins.
FE-SEM observation
DISCUSSION
In the present study, we evaluated the bonding behavior of orthodontic brackets to enamel when used with modified 4 -META/MMA -TBB resins before and after thermal cycling. The evaluation criterion was a practical one with the clinical situation in perspective -that is, easy and safe debonding of orthodontic brackets without loss of adequate bond strength for clinical use. Modified 4 -META/MMA -TBB resins were prepared by adding additives to the polymer powder of 4-META/MMA-TBB resin. In the present study, PLGA, α-TCP, and CaF 2 were selected as additives.
As mentioned above, for the purpose of safe and easy debonding of orthodontic brackets, we sought to degrade the adhesive resins without the loss of proper bracket bonding or the need to enhance the enamel structure.
PLGA is known as a biodegradable polymer. As such, it is used as scaffolds in tissue engineering, carriers of cytokine or protein in drug delivery systems, and membranes for guided tissue and bone regeneration 19-22） . α-TCP, on the other hand, is used as bone substitutes, dental cements, and root canal sealers -due to its excellent biocompatibility to hard tissues （such as bone） as well as its biodegradable property 23-26） . As for fluoride compounds, they have been included in glass-ionomer cements because it is well known that released fluoride has a cariesinhibiting property 27-30） . In the present study, the fluoride compound CaF 2 was used.
The incorporation of each additive decreased the shear bond strength of orthodontic brackets to enamel. This was due to the decrease of polymer content in the bonding resin, which led to a decrease in the bonding area of bonded resin to enamel. Accordingly then, the mechanical properties of the bonded resin decreased too, although the mechanical properties of modified 4 -META/MMA -TBB resins were not measured in the present study. However, the tendency to decrease in shear bond strength was different with each additive. PLGA and CaF 2 exhibited a higher reduction in bond strength than α-TCP. The reduction rate in bond strength of PLGA -50 and CaF 2 -50 resins was more than 50％ compared to the control bond strength. In contrast, the reduction rate in the bond strength of α-TCP-50 resin was approximately 35％ compared to the control bond strength. The reason why such differences were observed with each additive was not clear. FE -SEM observation of the resin tags did not show up severe differences between each modified resin and the control. Nonetheless, one plausible reason could arise from the interfacial behavior between each additive and PMMA. For example, PLGA cannot dissolve MMA. Thus, it was speculated that a boundary was present between PLGA and PMMA in the cured cement, and that the boundary caused the decrease in bond strength.
In the present study, thermal cycling tests were performed to evaluate the long-term bonding durability of brackets to enamel. To the best of our knowledge, no reports have correlated the number of thermal cycles with clinical time under oral conditions. Mogi 1） reported that the tensile bond strength of 4-META/MMA-TBB resin cement used on bovine enamel etched with phosphoric acid decreased to almost 60％ of the initial bond strength after one year of immersion in water at 37℃. Likewise, Miwa et al. 31） found a decrease in tensile bond strength after 3,000 and 10,000 thermal cycles when orthodontic brackets were bonded with 4-META/MMA-TBB resin to human premolar teeth. Further, Hayakawa and Nemoto 32） reported a significant decrease in tensile bond strength after 5,000 thermal cycles when 4 -META/MMA-TBB resin was used on etched bovine enamel. In the present study, 10,000 thermal cycles were employed based on the results of the above reports.
At any concentration, PLGA-modified resins showed significant decrease in shear bond strength after thermal cycling. For the control, the reduction rate in shear bond strength after thermal cycling was approximately 20％. In contrast, the reduction rate of PLGA-modified resins was approximately 35 to 50％. Besides the degradation of the original 4-META/MMA-TBB resin, the decrease in shear bond strength of PLGA-modified resins after thermal cycling was also due to the degradation of PLGA 19） .
In the case of α-TCP-modified resins, the results after thermal cycling were interesting. No significant decrease was found after thermal cycling at any concentration of α-TCP. As for CaF 2 , CaF 2 -40, and CaF 2 -50 also showed no significant differences in shear bond strength before and after thermal cycling tests. It was therefore suggested that the addition of α-TCP and CaF 2 overcame the degradation of the original 4-META/MMA-TBB resin after thermal cycling. It is well known that α-TCP sets to form calcium-deficient hydroxyapatite when mixed with water 33） . Although the detailed mechanism concerning the efficacy of α-TCP and CaF 2 addition should be further investigated, it was possible that the transformation of α-TCP to calcium-deficient hydroxyapatite or that the formation of fluoroapatite by CaF 2 might be beneficial to creating durable bonding between orthodontic brackets and enamel.
PLGA-modified resins （PLGA -5, -10, and -20） yielded a bond strength of approximately 10 MPa after thermal cycling. However, it must be noted that there was a significant reduction after thermal cycling. As for α-TCP-50 and CaF 2 -50 resins, their shear bond strength after thermal cycling was approximately 11 -12 MPa, whereby there was no significant reduction in shear bond strength before and after thermal cycling. Concerning the significant reduction in the present study after thermal cycling for PLGA-modified resins, it could be extrapolated to the possibility of reduced shear bond strength in the clinical situation -although to date, no reports have correlated the number of thermal cycles with clinical time under oral conditions（as mentioned previously） . In the same vein of extrapolating the in vitro results to the clinical situation, α-TCP-50 and CaF 2 -50 were expected to exhibit durable bonding during orthodontic treatment.
Nonetheless, the acceptable shear bond strength for clinical use is still unknown. To this dental issue that begs a benchmark, Reynolds 34） suggested that a tensile bond strength of approximately 5 MPa was adequate for clinical success. Yamada et al.
35）
, on the other hand, reported that commercially available orthodontic glass-ionomer cements yielded shear bond strength of approximately 8-9 MPa to bovine enamel. Therefore, it could be concluded that the bond strength of α-TCP-50 and that of CaF 2 -50 will be clinically acceptable, although further studies are required to establish the clinically acceptable shear bond strength.
In the clinical situation, it is more important to obtain an adequate bond strength for bonding the orthodontic bracket to enamel during orthodontic treatment and for safe debonding, than to attain the greatest possible bond strength. Against this background, the enamel surface was examined under a dissecting microscope and the amount of adhesive remaining on the tooth surface was recorded using the ARI score after debonding 30） . ARI scores are used to define the site of bond failure involving the enamel, adhesive, and bracket base.
The modified resins tended to show higher ARI scores, such as ARI＝2 and ARI＝3, and enamel fracture was not observed except for a few cases. Thus, with modified 4 -META/MMA -TBB resins, there was a tendency of more residual resin remaining on the tooth surface. In other words, the modified resins seemed to entail a lower risk of enamel fracture at the time of debonding, and thus increased the possibility for safe debonding.
In the present study, modified 4 -META/MMA -TBB resin was applied using the normal brush-dip technique. It should be noted that the content of each additive in the cured bonding resin was different from that of the original polymer powder. Therefore, the influence of bulk-mix technique warrants further investigation.
CONCLUSION
The present study was the first approach to developing a new type of orthodontic adhesive resin intended for safe and easy debonding in the clinical situation. To this end, the present study provided in vitro evidence using human teeth. α-TCP-or CaF 2 -modified resin -when used as an orthodontic direct bonding resin -seemed to allow easy and safe debonding of orthodontic brackets without loss of proper bracket bond strength. Nonetheless, the detailed mechanism of action of α-TCP-and CaF 2 -modified resins should be further investigated. As such, evaluation of other additives or the combination of α-TCP and CaF 2 will be the next subject in our series of related experiments.
